The impact of low energy nuclear reaction (LENR) technology on the design of aircraft is examined. Energy conversion possibilities considered and a Brayton cycle engine with an LENR heat exchanger is selected. Potential aerospace applications of LENR devices are discussed and a high altitude long endurance (HALE) unmanned aerial vehicle with multi-year endurance is conceptualized with primary focus on energy management.
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I. Introduction
Low energy nuclear reactions are a potentially revolutionary area of study in physics. Popularized in recent years by Allan Widom and Lewis Larsen, LENR are a radiation-free source of nuclear energy based on ultra-low momentum neutron catalyzed neutron reactions.
1 On metallic hydride surfaces, Widom and Larsen contend that a chain reaction can occur in which these ultra-low momentum neutrons lead to reactions that produce considerable amounts of heat.
The scientific community has been skeptical 2 of the Widom-Larsen Theory, widely accepted as the leading theory of LENR, with many in the scientific community dismissing LENR as a cold fusion-like concept that will never be attainable. However, universities and other organizations worldwide, including Larsen's own Lattice Energy, LLC., are actively pursuing turning LENR into a realized aspect of everyday science. If they succeed, it is clear that society will have entered a new age of energy production.
If it lives up to expectations, an LENR device could produce safe, reliable heat semi-indefinitely on comparatively very small quantities of input of reactive material. Since the dawn of heavier-than-air flight, the aerospace community has driven the production of lightweight energy technology with low specific fuel consumption, high performance, and high reliability. If research into LENR technology comes to fruition, it follows that LENR devices would be a natural choice for aircraft propulsors. Giving aircraft freedom from the burden of the many gallons of fuel required today opens the door to aircraft configurations and mission selections impossible with today's technology. A revolutionary source of nearly unlimited energy demands a new approach to aircraft design that challenges the status quo.
II. Energy Management
The first and most notable impact LENR technology has on aircraft design is how the heat energy will be utilized for propulsion. Liberation from fuel by means of a device that produces large amounts of heat for an extremely long period of time grants new propulsion possibilities, as well as poses new problems that will need to be addressed in the design process.
Forced Convection with Altitude
Critical to gaging the applicability of the LENR heat source to aircraft was understanding the ability to convert the heat energy into useful (electric or mechanical) energy. Aircraft, by the nature of their existence, are a host for heat transfer devices using forced convection via air. This heat transfer is critical for multiple reasons. In propulsive applications, some energy transfer methods use forced convection directly with the free stream while others use forced convection via compressed air, as in a Brayton cycle. Additionally, heat transfer is required to dispose of waste heat from the heat exchanger and other systems. A MATLAB script was written that calculated the heat transfer from a flat plate to air for various wall temperatures, atmospheric conditions, and flow properties using analytical and empirical equations for forced convection.
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This forced convection routine permitted comparisons of heat transfer capability across both different LENR devices (i.e. available hot side temperatures,) and various flight conditions. The results of this analysis showed that heat transfer capability drops tremendously as operational altitude increases. Increasing the flow velocity over the plate can lessen the effect of altitude increase, but only very marginally. This can be explained by the ways in which air temperature and density change with altitude and the means by which these changes are incorporated into the convection equation. Figure 1 shows the lapses in temperature and density with altitude. For the troposphere, the lapse in density can be obtained from the lapse in temperature in the manner seen in Equation 1 .
The convection equation, shown as Equation 2, shows that temperature is directly proportional to heat transfer while density is inversely proportional. As such, the faster lapse in density prevails in the convection equation, serving to decrease heat transfer as altitude increases.
To compare the effects of wall temperature, the same atmospheric and flow conditions were applied to the same flat plate under two wall temperatures: 300 K and 1000 K. The resulting heat transfer contours versus Mach number and altitude are shown in Figure 2 , respectively. A wall temperature of 300 K results in an increase in heat transfer as altitude increases, until a critical altitude is reached. At that point, the heat transfer decreases with altitude. This is explained by the nearly-atmospheric temperature of the wall. At only 300 K, the small decrease in temperature is proportionally large compared to the wall temperature. This allows the heat transfer to be benefited by altitude increases for a short while before the decrease in density begins to dominate. Increasing the wall temperature decreases the proportional change in temperature compared to the wall temperature. The amount of altitude for which heat transfer is higher than at sea level decreases until an increase altitude no longer provides any benefit. Energy requirements can be met by forced convection heat transfer via two opposite system configurations: either a low-temperature heat transfer system with a large heat transfer surface area, or a high-temperature heat transfer system with a small heat transfer area. For applications in which space and weight are nonfactors (i.e. a ground facility with an abundance of square footage) the former configuration may be deemed the most attractive. However, size, weight, aerodynamics, and other considerations heavily favor the latter configuration for aircraft use. The high-temperature scenario then needed for use on an aircraft exhibits the heat transfer behavior seen in Figure 2 in which the best heat transfer performance occurs at sea level. This permits the conclusion that greater success of a system utilizing forced convection heat transfer with free-stream air is tied exclusively to lower altitude.
Propulsion Possibilities
Four systems were considered for converting heat energy from the LENR device into useful energy: The first two options rely on a "hot side/cold side" relationship in which the cold side would be achieved through forced convection with the free stream air. The latter two options are based on heat transfer to the compressed air inside of a turbine engine. Each of these systems are discussed in detail in the following sections.
Stirling Cycle Engine
A Stirling cycle engine is a closed-cycle system that uses a temperature differential within a working fluid to drive a mechanical device, usually one or more pistons. The efficiency of a Stirling cycle engine can approach that of the Carnot cycle, expressed in Equation 3. As can be seen, an increase in the cold side temperature results in lower efficiency, highlighting the importance of maintaining adequate heat transfer away from the working fluid.
Stirling cycle engines are noted for their quiet operation and excellent reliability but are subject to key drawbacks. Large power requirements demand more heat to be transferred into the hot side of the engine and, accordingly, more heat to be drawn out of the cold side. This demands more system components, such as fins, tubes, or even a cooling liquid to achieve the necessary heat transfer. It is this trait that contributes to the low power-to-weight ratio of Stirling devices. The Advanced Stirling Radioisotope Generator (ASRG) developed by NASA for spacecraft produces just 140W from a system weighing 55lb, a power-to-weight ratio of just 0.00341 Obtaining a sufficient cold side without heavy cooling devices is unlikely when considering the poor heat exchange lapse with altitude previously discussed. These heavy heat exchangers could be the reason the authors have not been able to find an example of a Stirling engine being used on any aircraft. The lack of previous Stirling engines on aircraft and their low power-to-weight ratio made them a poor choice for an LENR aircraft propulsion system.
Thermoelectrics
Electric motors as a propulsor could be powered by the electricity produced by thermoelectrics. Thermoelectrics produce electricity through the use of alternating p-and n-type semiconductors with a temperature differential occurring transverse to the axis of semiconductor arrangement. Thermoelectrics are also plagued by low efficiencies (commercial technologies with 4% thermal conversion efficiency, 6-7% in research.
7 ) As with Stirling engines, the hot side of an LENR system is around 850
• C, 6 much higher than the hot side of thermoelectrics, which are in the 300-400
• C range. As is the case for Stirling devices, the large power requirements and the inability to use massive areas of heat exchange surface (due to weight and size requirements) demand a large temperature differential. With the hot side limited by material constraints and lifespan concerns, the cold side becomes a critical component of aircraft thermoelectric propulsion. However, the poor lapse of heat exchange by forced convection with the air with altitude again makes maintenance of a satisfactory cold side unlikely and therefore limits the usefulness of a thermoelectric-based propulsive system for an LENR aircraft.
Nanoparticle System
The use of LENR technology opens doors to unique energy possibilities. One such possibility is to forgo the use of a standalone LENR device that produces heat for an electric or mechanical system and instead use the LENR properties directly inside a propulsor. In a typical turbojet engine, fuel injected into the combustor ignites and produces heat that raises the temperature of the surrounding air, leading to propulsion. If nanoparticles of a suitable LENR material (such as nickel) are substituted for jet fuel, and are then allowed to react with the necessary LENR starter (likely hydrogen), the same heating of the surrounding air could occur. Essentially, the fuel injector in a standard turbojet could be replaced with injectors for LENR nanoparticles and reactive gas while leaving much of the turbomachinery the same.
This concept was appealing to the authors due to its relatively simple integration into existing systems. Because it behaves as a normal fuel injector and burner, it would maintain traditional turbojet/turbofan behavior and allow for a system designed purely for point performance. It also eliminates the heat transfer problem, as the heat is expelled overboard in the same manner as a normal turbofan. However, this concept requires that the LENR process can occur and transfer the requisite heat in the brief moment that each nanoparticle would actually spend in the combustor can. Also, a device would have to be constructed that could precisely inject individual or very small groups of nanoparticles (25nm average particle size 9 ) at regular intervals to sustain proper heating of the air. Given the sensitivity of the amount of nanoparticles to heat produced, even the slightest overdose in nanoparticle injection could lead to engine meltdown. Engine control systems that could precisely release 25nm particles, contain an extremely hot reaction for a very specific amount of time, then release the reactants would be extremely complex. Even though nickel nanoparticles are currently commercially available, 10,9 these engine control systems may not exist for decades, so the authors decided to focus on a more near-term propulsion system.
Heat Exchanger System
Gas turbine engines operate on the Brayton cycle, an open-cycle system. The heat addition in a traditional engine, as discussed in the previous section, is provided by the combustion of fuel. Using an LENR device to heat a liquid that could be pumped to the engine, returned cold to the LENR device, reheated and returned to the engine on a loop would create a cycle in which the engine maintains open-cycle status (as cold air is continually entering the inlet, heated, and ejected from the nozzle) while the actual heating component is on a closed loop where all material required to sustain heating remains in the system instead of being discarded as burned fuel products or reacted nanoparticles.
Because system relies on the existing principles of turbojets, the need to rely on the heat exchange for the purpose of creating a cold side is avoided and, hence, the poor lapse with altitude is no longer a prohibiting factor. In addition, the cycling of a hot liquid from an LENR to a heat exchanger placed in an engine relies on heat exchange equipment and properties better understood than the unprecedented nanoparticle injection concept. Extensive research has also been conducted on replacing a turbojet burner with a heat exchanger for use on nuclear aircraft, 11, 12, 13, 14, 15, 16, 17 which shows promise for using a similar system on an LENR aircraft. These facts result in an LENR heat exchanger-based Brayton cycle engine as the most viable option.
III. LENR Aircraft Concepts
Access to a reliable energy source that requires very little fuel for very large thermal output could cause a major shift in global economies. When this disruptive technology is applied to the aerospace field, four main vehicles classes could readily utilize it:
1. Micro UAVs (MAVs) 2. Personal, runway-independent (RI) aircraft 3. Comfortable commercial airliners 4. Medium to high altitude long endurance UAVs.
LENR technology in a small, battery-like package could be used to power micro UAVs, such as the AeroVironment Nano Hummingbird. Such aircraft are potential users of LENR technology because a large amount of heat energy can be generated by a very small mass. Researchers at the Massachusetts Institute of Technology are currently working on a MEMS gas turbine that is only one millimeter in length.
18 Such a device, using LENR nanoparticles as fuel, could generate the electricity required for an LENR battery that would then power the MAV.
RI aircraft offer a future in which taking an airplane from home to work is as simple as driving a car. An energy source that essentially never needs replacing would be a benefit to the RI aircraft community, and could allow a complete change of local transportation systems. It could also enable inexpensive, autonomous medical and food deliveries to remote areas of the world, which is a current area of research for humanitarian agencies.
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Elimination of the need for jet fuel could mean that commercial airliners would save money on not having to always refuel their fleets, and could use the drastic cut in costs to benefit customers. Aircraft could be made to be more comfortable for passengers (i.e. more space per person) since recouping the cost of fuel through airfare would be trivial. The lack of need for fuel also means that aircraft could use heavier materials in construction that are easier and cheaper to obtain.
The development of an LENR system that can be integrated onto a aircraft is going to be extremely expensive, most likely on the order of the development of the turbojet engine. As was the case with the turbojet engine, the main development energy and money will probably be from the military. The enabling technology an LENR aircraft would provide the military is the removal of mission performance constraints, which is well suited for an ultra-long-endurance mission, where the aircraft essentially becomes a mobile, atmospheric, satellite replacement. For that reason, when mission-specific information was needed, an ISR mission of extremely long endurance was chosen as a baseline.
Concept Design
As the use of LENR represents an advancement in energy technology, the largest area of focus, applied to aerospace, was developing an engine that could effectively utilize the heat energy produced.
Heat Exchanger Engine
A mathematical model of a turbojet engine, based on a General Electric J-85 20 without afterburners, was constructed. The main goal was to study the characteristics of a heat exchanger based engine and how it affected an aircraft's design. The burner section of the turbojet was replaced with the heat exchanger model. With the heat exchanger engine, no fuel is released into the flow. Instead, a working fluid with heat energy from the LENR device transfers it into the heat exchanger inside the engine. This means that throttling the engine would be done by changing the fluid flow temperature which would in turn change the wall temperature of the heat exchanger. Both engines, traditional and heat exchanger-based, utilize the same turbine and compressor map as well as the same design point of sea level static with 3,500 lb of thrust. Conditions at the design point are given in Table 1 . 
Heat Exchanger Design
The heat exchanger was designed to be as close as possible to a "drop in" replacement for the burner, with similar or better pressure loss, chamber size, and exit properties. The burner was therefore limited to three feet in length, which results in a total engine length similar to that of a traditional J-85 with afterburner. As a start, the heat exchanger was first modeled as a flat plate in a constant area chamber. No turbulence inducer was included for the heat exchanger because the compressor acts as the inducer. In order to reach the maximum turbine inlet temperature of 1970
• R the heat exchanger has to be able to withstand even higher temperatures. This ability is determined by the material of which the heat exchanger is composed. Both Inconel 718 and RA333 are materials with suitably high maximum operating temperatures and melting points, and have been proven on previous aerospace vehicles. Inconel 718 is the material used in the United Kingdom's advanced Sabre engine pre-cooler 23 and has a melting temperature range of 2760-2900
• R. 24 RA333 was used in fabrication of Space Shuttle Main Engines and has a melting temperature range of 2835-2900
• R. 25 Accounting for better operating temperatures expected in the future, a maximum heat exchanger wall temperature of 2700
• R was used in the engine model. Adding heat into the flow increases flow velocity, which means choked flow at the turbine inlet could occur for some operating condictions, if the heat exchanger had a constant cross-sectional area. To avoid this, the chamber was redesigned for zero change in total pressure due to heat added. This resulted in a diverging heat exchanger chamber area, shown in Figure 4 , which slowed the flow velocity and avoid choking.
A heat exchanger surface area of 103 f t 2 was required to supply the HE-based engine with enough energy to match the sea level static thrust of the comparable turbojet. This high amount of area drove the heat exchanger into a longitudinal plate-fin tube. Longitudinal plate-fin heat exchangers offer much simpler construction than longitudinal wavy plate-fin exchangers and tube-based exchangers. The wavy fin design was primarily created to introduce turbulence to a low Reynolds number flow to promote better heat transfer. However, the flow exiting the compressor is already turbulent, requiring no further efforts in heat exchanger shape design to promote turbulence.
The large amount of HE plate area raised concern of higher pressure losses. Pressure loss across the heat exchanger results from four main components:
1. Entrance effect (entrance causes sudden cross-sectional area change) 2. Flow acceleration (cross-sectional area change due to presence of HE) 3. Core friction (skin friction effects) 4. Exit effect (exit causes sudden cross-sectional area change).
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Using empirical data, 26 it was found that the static pressure losses across the heat exchanger were consistently less than 1%.
Engine Behaviors
After assembling a mathematical model of the heat exchanger, both the heat exchanger engine and the combustor engine were swept through Mach number and throttle to create a corrected engine deck. A corrected engine deck contains engine parameters adjusted for altitude and atmospheric affects. A few of the common parameters are shown in Table 2 . 
Parameter
Corrected Equation
To account for the changes in modeling a heat exchanger engine, additional corrected parameters were derived in Table 3 . 
Using the above equations, the engine deck was extrapolated out at full throttle for a range of Mach and altitudes. These limits were taken from standard limitations of General Electric's J-85 turbojet engine. The limits in Table 2 were applied to the heat-exchanger engine deck, resulting in Figure 5 . Heat Exchanger The thrust lapse of the combustor is combined with the thrust lapse of the heat exchanger to produce the total heat-exchanger based engine's thrust lapse, as shown in Figure 6 . Figure 6 shows that there is little difference in thrust lapse behavior of the engines, and the T wall limit of the HE engine follows the behavior as the T 4 limit of the Brayton cycle engine. Therefore, it demonstrates that for the traditional operating range, the heat exchanger which replaced the burner lapses slower than the corresponding turbomachinery. This means that the operating behavior and range is roughly the same for the combustion engine and the heat exchanger engine. To produce the TSEC for the heat-exchanger based engine, the combustor and heat exchanger TSEC were combined into Figure 8 . The behavior of the TSEC for the Brayton and HE-based engine are very similar, which is a fallout from the turbomachinery lapsing faster than the heat exchanger. The difference between the two engines comes from the added mass flow of the fuel.
When looking at the energy sources for the engines, shown in Figures 9 and 10 , the trends are similar below the tropopause. Above the tropopause, the HE-based engine requires hotter heating fluids for faster speeds. However, the turbomachinery lapse dominates that of the heat exchanger, and the turbomachinery's lapse becomes the limiting factor. The last comparison is the engines' fuel consumption as a function of throttle setting. Figure 11 shows the heat exchanger engine and the combustion engine's thrust hooks at three different conditions. The slight difference in their thrust hooks is caused by the added mass flow of the fuel required for the Brayton cycle. The combustor engine (shown in the solid red line in Figure 11 ) suffers from engine blow out at lower throttle settings, which is why the HE engine is capable of lower thrust settings. The above heat exchanger engine was designed at sea level static with 3,500 lb of thrust. Alternatively, an engine could have been flat-rated to meet the thrust requirement at cruise. For comparison, an engine designed for the cruise operating conditions and an engine designed for sea level static were both constrained to provide 3,500 lb of thrust at Mach 0.7 at 45,000 ft. This condition (Mach 0.7 at 45,000 ft) will be called the reference point. The same on-design engine conditions in Table 1 are applied to these designs at their respective design points, including reaching maximum wall temperature and maximum turbine inlet temperature at the design point. This implies that the heat exchanger surface area and the turbomachinery sizes are scaled to meet the on-design engine conditions. For simplicity, the engine designed with a design point of M = 0.7 at 45,000 ft is referred to as the "Cruise Engine," and the engine designed at M = 0 at 0 ft(sea level static) is referred to as the "Comparable Engine." For these graphs, the engines were throttled back until they were within all of the limits. Therefore these graphs are for maximum available throttle. The specific energy required from each engine sets the performance requirements on the LENR energy source. Conservative performance requirements were preferred due to the lack of knowledge of the LENR performance. Figure 12 displays the specific energy requirement of both the engines. At operating conditions higher in altitude and slower in speed than the reference point, the specific energy requirements are approximately the same for both engines. At operating conditions lower in altitude and faster in speed, the turbomachinery requires higher wall and turbine inlet temperatures, so the cruise design engine has to reduce throttle. Consequently, the cruise design engine demands less energy for its maximum available throttle while operating below the reference point, but it will provide less thrust as will be shown in Figure  13 . This results in the cruise design engine requiring half the LENR maximum power and throttle-ability as that required by the comparable engine, producing a more efficient system. The viability of the cruise design engine depends on whether it can provide enough thrust at takeoff. Figure 13 compares the two engines' thrust. Again, at operating conditions higher in altitude and slower in speed than the reference point, the behavior is roughly the same for both engines. However, the cruise design engine has a maximum available thrust of 10,800 lb at sea level static, while the comparable engine has a maximum available thrust of 23,100 lb at sea level static. These engines may be oversized for the application of a extremely-long-endurance ISR mission, but the general trend shows the cruise design engine uses half of the fuel of the comparable engine, while requiring less heat exchanger area and weight. To better understand the performance differences of these two engines, specific excess power was derived using a drag polar similar to that of a General Atomic Predator B.
29, 30 Both engines were scaled to for 275 feet per minute rate of climb at the reference point. The comparable engine has double the excess power at sea level static, and its peaks are at higher speeds than the cruise design engine, as seen in Figure 14 . Therefore, the comparable engine has better point performance, such as shorter take-off lengths and faster climb rates. Table 5 demonstrates the physical size differences of the two engines. By having the engine designed at cruise, the fan areas are drastically reduced, which results in a decrease in the engine weight. As seen in Figure  14 , the engines have almost the same energy consumption at the reference point. However, the comparable engine has to provide almost six times the energy at sea level static, which results in the comparable engine having lower heat exchanger wall temperatures and lower turbine inlet temperatures. The cruise design engine has a heat exchanger surface area of roughly a third of that required by the comparable engine, leading to a heat exchanger weighing roughly a third of the heat exchanger of the comparable engine. 
Conclusions on LENR Engine
The heat exchanger based engine seems a reasonable concept, with performance of almost the same as today's Jet-A fueled turbojets. It also opens the doors to be powered by a multitude of power sources, such as an LENR system with extremely low fuel burn. Designing the heat exchanger engine close to the cruising point brings benefits in efficiency, weight, and throttle-ability requirements. It does, however, have less static thrust. For a long endurance ISR mission, powered by a future LENR system, the heat exchanger engine seems to be a promising concept.
Trend Toward Higher Weight, Higher Reliability
The nearly unlimited energy offered by an LENR system brings up questions of aircraft sizing. An aircraft powered by LENR could be sized by point performance instead of mission performance, which is common to most ISR missions of today. This paradigm shift means that the weight of the system will directly affect the sizing of the aircraft. A vehicle designed to stay aloft for months or years will need to be extremely reliable, and this may bring a weight penalty in the form of either stiffer and more robust structures, or parallelredundant systems. Reliability could be approached in a similar fashion to spacecraft since the aircraft is intended to remain airborne for several years. Like a satellite, eliminating repeated takeoffs and landings would reduce cyclic pressure loads found in a traditional aircraft, and could reduce required structural weight. Flight controls could also be made more reliable by moving to electrical actuators, or even synthetic jet control surfaces.
IV. Conclusion
Advanced energy technologies like LENR allow aircraft designers the freedom to design without concern for fuel weight. This freedom relieves the designer from having to maximize efficiency in order to squeeze more miles out of the aircraft's range. However, the aircraft must now be designed for endurances not conceivable with today's technology. Such extreme flight durations, perhaps years in length, demand a new approach to aircraft design: one that takes the focus off of maximum efficiency and places it on energy management and extremely high reliability. Energy management poses its own set of problems, as future energy technologies such as LENR may result in closed-cycle thermodynamic cycles in which extreme heat and a need for a way to dissipate it may be an omnipresent circumstance. It is these challenges and more that face the designers of such future aircraft.
